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SUMMARY

Data were obtained for the viscosity corrections to cone probes in
supersonic rarefied air flow at a nominal Mach number of L. The test
models consisted of a set of seven geometricelly similar 5° semivertex-
angle cones. Additlional experiments were made to determine cone surface
pressure distributions and the effects resulting from the variable orifice
size on the geometrically similar models. The results indicate that the
viscous effects are quite complex and depend not only on the distance
from the cone vertex to the pressure orifice but also on the size of the
pressure orifice and the location of the orifice with respect to the
shoulder. Pressure distributions near the vertex were compared with the
tangent-cone and linearized theories. The experimental pressure coef-
ficients were higher than the linearized theory but considersbly lower
than the more exact tangent-cone theory.

Tables are presented for 50 semivertex-angle cones giving free-
stream Mach numbers and static pressures In terms of the ratio of impact
and cone surface pressures over the range 1.10 £ My £ 5.99.

TNTRODUCTION

The determination of the flow conditions in & supersonic wind tumnel
requires two local measurements if the expansion from the stagnation
chamber to the test sectlon is not isentropic. One procedure is to
measure the impact pressure Plt’ and & cone pressure Py at the same

point in the flow., Since the ratio Plt//Pl is given as a function

of M; through the normal-shock-wave theory, while the ratio Pe/Pl

is given in terms of M; by the Taylor-Maccoll conical-flow relation-
ships, two simulteneous equations are obteined for the unknowns p; and
M; 1in terms of the measured quantities plt' and Ps which are readily

solved by use of existing tables. Details of the method and calculated
results for 1.10 £M; £5.99 are presented in sppendix A and table I.
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At the low Reynolds numbers which obtain in rarefied gas flows the
measured impact and cone pressures depart from their ideal flow values.
The viscous corrections which must be applied to measured impact pres-
sures have been the subject of several recent theoretical and experimental
Investigations (refs. 1 through 7). These investigations have, among
other things, ylelded empirical viscosilty-correction curves for lmpact
probes of several shapes apd have shown that viscosity effecis are
negligible for diameter Reynolds numbers greater than about 200. There
are aveilable at present, however, few or no data of a similsr nature
for cone probes.

The purpose of this report is to present viscosity-correction data
at a nominal Mach number of 4 for one particuler family of geometrically
gimilar cone probes. The investigations alsc included the determination
of cone surface pressure distributions and measurements to obtain an
estimate of the effect of variation in pressure~orifice dlameter on the
meggurement of come surface pressure. ’

This work was conducted at the University of California under the
sponsorship and with the financiel assistance of the National Advisory
Committee for Aercnautics and was under the immediste supervision of
Professors R. G. Folsom and S. A. Schaaf of the Department of Engineering
at Berkeley. )

SYMBOLS
a,b functions of © (see eq. (B5))

Po - P
Cp pressure coefficient, 21

plul2/2
Cp' pressure coefficient, (Po/Ppy) - L ~
D base dlameter of cone
d diameter of pressure orifices on cone

£(M1,6) function defined by equation (B19)

M
1
K imilarit, t
similarity parameter, 575

A axial length of cone

L4
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M

Mach number
power of Reynolds number
pressure

total or stagnation pressure corresponding to free-stream
conditions

stagnation pressure behind a normgl shock wave (as measured
by an impasct tube in free stream)

difference between measured cone surface pressure and that
value obtained by extrapolating to zero pressure-orifice
diameter

gas constant

Reynolds number, u.lx/v:L
Reynolds number, u2x/v2

radius of "effective body" (cone plus displacement thickness)
radius of cone

cross-sectional area of effective body

temperature, °R &bs

stream velocity

distance measured along cone surface from vertex
specific~heat ratio, 1.400

boundary-leyer displacement thickness

cone semivertex angle

coefficient of viscosity

kinematie viscosity of fluid

distance measured along cone center line from vertex

density of fluld



y NACA TN 3219

Subscripts:

i free-stream conditions

2 conditions on cone surface or at boundary-layer seam behind
conical shock wave

e value obtalned by extrapolatlion to zZero pressure-crifice Z
dlameter

i idegl conditions, obtained for infinite Reynolds number

s pertalning to conditions at cone shoulder

t total or stagnation conditions

X pertaining to distance measured alcong cone surface from vertex

APPARATUS AND PROCEDURE

Wind Tumnel’

The tests were conducted in an open-~jet continuocus-flow type of
wind tunnel (no. 3 wind tunnel, ref. 8) using supersonic nozzle 8, with
‘a. nominal Mach number of 4. The nozzle is of the axisymmetric type and
was designed by methods described in references 9 and 10. The wind
tunnel is equipped with an eight-faced rotary probe selector (ref. T)
which allowed the consecutive testlng of seven cone models and an impact
probe (used for determination of the Mach number) without opening the
tunnel to the atmosphere.

Models

All cones were of 5° semivertex angle. Three different types were
tested. The type A cones were preliminery models designed to obtain
surface pressure distributions and consisted of a set of 14 probes of
equal size. Each cone had four pressure orifices of 0.015-inch diameter
spaced at 90° intervals around its clrcumference, located at varying
distances from the vertex as shown in figure 1. .

The basic test models consisted of a set of seven geometrically
similar cones, designsted as type B. Each cone had four pressure orifices
spaced at 90 around its circumference and located at an axial distance
midway between the vertex and the shoulder. The presgsure~orifice dlameters

X!

W
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were scaled up in the same geometric ratio as the other cone dimensions;
orifice diasmeters ranged from 0.020 inch on the smallest model to
0.100 inch on the largest. These models are shown in figures 2 and 3.

A third set of seven cones, designated as type C, was tested in an
attempt to determine independently the effects which resulted from the
variation in orifice diameter on the type B models. The type C cones
had common dimensions and axlal locations of the pressure orifices, but
had pressure-orifice dismeters ranging from 0.020 inch to 0.150 inch.
Specifications for the type C cones are given in figure k4.

All models were lesk-tested and outgassed before being run. Time
responses of the various probe-system configurations were measured to
obtain the time intervals necessary for pressure equilibrium.

Pressure Measurement Instrumentation

The reference instrument for all pressure measurements was a mercury
McLeod gege (ref. 7) with a least count of 0.00l inch of mercury. The
probsble error in McLeod readings converted to absolute pressure is
less then 1 percent. However, only one flow quantity, the Reynolds
number, 1s dependent on the absolute pressure. Flow quantities which
involve Mach number are determined by measurements of pressure ratios,
and the appropriate index of accuracy of the McLeod gage for this type
of measurement is the probable error in the measurement of two nearly
equal pressures. This error was calculated to be from 0.12 percent to
0.03 percent over the pressure range 35 to 850 microns of mercury, the
larger pressure being the upper limit of the instrument.

Besides its use for calibration purposes the McLeod gage was
employed for direct measurements of test chamber snd nozzle wall pres-
sures snd in some cases for measurements of cone surface pressures. The
use of the Mcleod gage for all pressure measurements was precluded by
range and time-constant limitations.

A precision butyl phthalate cil mancmeter (ref. 11) was used for
measurements of impsct and stagnation chamber pressures. This manometer
hed a least count of 0.00l inch of oil, equivalent to approximately
2 microns of mercury, and gave readings which were reproducible to about
one-half the least count. The manometer was calibrated against the
McLeod gage to aveid the difficulties introduced by the different
temperature - specific-gravity corrections for mercury and the manometer
oil. :

Cone surface pressures were measured in most cases by means of a
temperature~controlied thermistor manometer (Western Electric thermistor
manometer D-176255) in a suitable bridge circuit with bridge unbalance
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measured. by a 0- to a 10-millivolt Brown precision potentiometer. Zero
suppression was accomplished with & 0- to 10-volt potentiometer in
series with the Brown instrument. For the pressure range encountered
in the present tests the 0.02-millivolt least count of the Brown
potentiometer corresponded to a pressure increment of about 0.004 micron.
Analysis aof the calibration date yielded a maximm probable error of
sbout 1 percent for pressures measured with the thermistor. As a check
on this estimate the type C cones were tested at one flow rate using
both the thermistor and the MclLeod gage for pressure measurements.
Discrepancies in level .between the pairs of measurements were less than
1 percent.

Tunnel Calibration .

Free-stream Mach numbers and static pressures were determined by
measurements of impact and stagnetlon-chamber pressures; M; 1is found
from pl_b’/plt by use of normal-shock-wave ﬁables (ref. 12). Inherent

in this method i1s the assumption of isentropic flow between the stagna-~
tion chamber and the test region, that is, that Pstag =Py The

validity of thils assumption has been borne cut by extensive nozzle
evaluation tests which are reported in reference 10. These tests showed
that the Jet core was adiabatic and shock~free, with a maximum variation

of t% percent In the impact pressure within the test cone. Measured wall

tep pressures at the exit agreed within experimental error with static ~
pressures calculated from messured values of plt'/plt and. the isentropic-

flow assumption. Moreover, the design Msch number was almost perfectly
attained at the design flow rate (Mtheor = 4.00 and Mgy, = 3,93),

All dsta presented in this report were obtained with the cone models
located on the nozzle axis so that the surface pressure orifices coincided
with_ the exit plane”of the nozzle, necessitating different locations of
the cone vertices. Tranverses made with a colie and an impact tube showed
that where axial Mach number gradients were present the most consistent
results were obtalned when the nose of the impact tube and the cone
pressure crifices were at the same axial location. ©Some additlonal tests
made with models at off-axis and different axial positions are discussed
in the section "Calibration Date for Geometrically Similar Cones (Type B)."

Impact-pressure measurements were made with a 0.300-inch-diameter
source~shaped impact probe, with viscosity corrections applied as in
reference 7. T B
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RESULTS

Cone Surface Pressure Distributions (Type A Models)

The deta for the preliminary tests on the type A cones are presented
in teble IT. The results are presented graphically in figures 5 and 6.

S P
The pressure coefficient is defined by CP' =7—25———gl, with ideal cone
21
pressures obtained from teable I. In figure 6 Cp' has been divided by
the function f(Ml,e) defined by equation (B19) to facilitate later

comparisons with the theory presented in appendix B. The Reynolds
number is based on free-stream veloclty and kinematic viscosity and the
distance along the cone surface from the vertex.

Célibration Dats for Geometrically Similar Cones (Pype B Models)

Results for the geometrically similar cones (type B models) are
presented in table III and are plotted in figure 7. The pressure coef-
ficient CP' is defined as before, and the Reynolds number is based on

free-stream velocity and viscosity. Pressure coefficlents obtained for
the smallest model . (Bl) are included in table III, but have not been
plotted in figure 7. The reason for this 1s discussed in the section
"Calibration Data for Geometrically Similar Cones (Type B)."

Orifice Size Effect (Type C Cones)

The orifice-size-effect dats for the type C cones are tabulsted in
table IV and are plotted in figure 8. Resulis are presented for nominal
Mach numbers of 2 and 4 (see the section "Tests at Other Mach Numbers").
In figure 8 the quantity &po represents the difference between the
measured cone pressure and the value obtained by extrapolation to zero
orifice diameter.

Tests at Other Mach Numbers

The test program was repeated using nozzle 6, which is an axisym-
metrie nozzle with nominsl Mach number of 2 (1.95 <M <2.203

158 < uy/vy < T63/inch). The date obtained in this nozzle for the type A
and type B models exhibited the same trends as the previous data obtained

in nozzle 8. The results at Mach number 2 were regerded as only
qualitative, however, because of the large uncertainty in Mach number
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determination (about L4 percent). For this reason only the type C model
data, which are relatively insensitive to errors in Mach number deter-
mination, are presented.

DISCUSSION

Type A Models

Before proceeding to the discussion of the calibration data for the
geometrically similar models, it will be helpful to examine some of the
results obtained for cone surface pressure distributlons with the type A
models. ’

The distributions of surface pressures shown in figure 5 are in
qualitative agreement with what might be expected for a cone with a
thick boundary layer, the surface pressure beilng highest near the vertex
and trending toward the ideal pressure with increasing x. A decided
"shoulder effect” is apparent in all these pressure distributions,
evidenced by a decrease in pressure on the cone_near the juncture between
the cone surface and the cylindrical after‘body.l The extent of upstream
influence of the shoulder expansion gppears to be of the order of three
to five times B®g*, +the calculated undisturbed boundary-layer displace-
ment thickness at the shoulder. This result might be compared with the
experiments on shock-wave interaction with laminar boundary layers on_
flat plates. Ackeret, Feldman, and Rott (ref. 13) found that the dis-
turbance caused by a 3° compression wave incident on a flat-plate laminar
boundary layer at M; = 2 extended upstream some 50 displacement

thicknesses. Similar orders of magnitude were found by Lee (ref. 14)
on cylindrical bodies. '

1The break in the distributions between cones AT and A8 is not
shoulder effect, but can be traced to the probgble errors in thermistor
calibration and flow determination, since models Al to AT and A8 to Alk
were tested separately. The greater amount of scatter in the data for
models A8 to All is due to the fact that these pressures were measured
with the oil menometer, whereas the pressures on models Al to AT were
measured with the thermistor menometer. The oil manometer has a least
count of about 1 micron of mercury, as compared with the 0.00k-micron
least count of the thermistor manometer. However, calibration repeatability
with the oil manometer was slightly better than that with the thermistor
menometer. The absolute pressure level indicated by the oll-manometer
date is probably slightly more reliable, and therefore the indicated
values of Cp' = (PE/PQ i) - 1 obtained for models Al to AT at the lower

flow rates are possibly a little low.
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Calibration Data for Geometrically Similar Cones (Type B)

The data for the geometrically similar cones (fig. 7) exhibit the
anticipated general trend with Reynolds number. These pressure coef-
filcients are somewhat higher than those obtained with the type A cones
at the same Reynolds numbers because of the hole-size effect discussed
in the section "Orifice Size Effect.” An estimate of the maximum
probable error in CP' = pz/pai - 1 can be obtained by applying the

l-percént maximum probable error in Ps %o the data of table ITI. TFor
the data presented in figure 7, the maximum probable error in Cp' 1is

approximately £5 percent. The corresponding maximum probable error in
Poy is i1 percent.

The results obtained with the smallest cone (Bl) have not been
included in figure 7T. This probe gave pressure readings which were
consistently high and did not correlate with other data at the same
value of (Rex)l. These higher pressures may be due in part to thermal

creep effects. The mechanism of thermal creep is discussed in refer-
ence 15, where it is shown that a temperature in a tube containing gas
at rest will set up a pressure gredient given by

ElI-FR
D25

where Ap and AT represent the difference in pressure and temperature,

respectively, between the ends of the tube; R, +the gas constant; pa,
the average square of the viscosity over the temperature range; D, the
internal dismeter of the tube; and P, +the mean pressure in the tube.

AT (1)

The existence of temperature gradients in the tubular afterbody of
the test models is explained by the fact that the cone surface recovery

factor2 is about 0.83 (ref. 16), whereas a major portion of the model
support, which comnects to the downstream end of the tube, 1s outside

the Jet and at stagnation temperabure. Because of conduction through

the model support the downstream end of the tube 1s at a temperature
somewhere between the recovery temperature and the stagnation temperature.
The actual temperature differences measured with thermocouples instelled
on model Bl were approximstely 25° F at a flow rate of 5.2 pounds per hour
and 40° F at a flow rate of 20 pounds per hour. Using these temperature
differences, Ap weas calculated for model Bl (internal diameter,

0.085 inch) and found %o be sbout 2 microns of mercury at both flow rates.

2This 1is the corrected recovery factor. The actual cone equilibrium.
temperature will be somewhat higher because of radistion and conduction
heating.
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Although the trend is in the right direction, the calculated pressure
differences due to thermal creep are not large enough to explain com- "
pletely the high pressures obtained with probe Bl.

An interesting feature exhibited in the type B probe data is the
pressure "bump" which occurred on either probe Bi or probe B5. This -
reversal in the variation of Cp' with (Rex)l was also observed at

every flow rate in nozzle 6. At first it was believed that this pres- .
sure reversal might be due to either a leak or an lmperfection in one _
of the probes. The probes were retested for lesks and exsmined under L
a glass and were found to be satisfactory. Moreover, it was observed

that at the highest flow rates the bump shifted from probe B4 to B5,

which indicated that the effect was not unique to one probe. The probes

were also tested at off-axls and different axial positions to determine .
whether the observed pressure reversal was caused by tunnel gredients. _
In every case the same characteristic reversal was found.? It is

believed that the pressure reversal observed on models Bli and B5 may be

due to the upstream transmission of the shoulder expension through the -
laminar boundary leyer. That is, the pressure orifices on the smaller v
models B2 end B3 nmight all have been within a zone of reduced surface N
pressures near the shoulder. The distance from the shoulder to the _
pressure orifices on model B5 was 0.906 inch, which is of the order of
the maximm extent of upstream influence noticed on the type A probes. L

'dl

Some edditional tests were made to determine how much the disturbance
produced by the model support affected the measured cone pressures. A ) =
model with the same cone dimensions as Bl but with an afterbody one and
one-half times as long was tested together with Bl. The difference in -
pressures on these two models was within the probable error of measure- }
ment, and 1t was concluded thet support interference was negligible. —

Orifice Slze Effect

The data plotted in figure 8 and tabulated in teble IV show an o
increase in measured pressure with orifice diameter. The equation

fpp = 15.5 )y @ | (2)

3The of f-axis tests also established the fact that the flow was
sufficiently uniform near the axls, so that no appreciable error was
introduced on the larger probes for which the pressures sensed at the ' _
orifices corresponded to polnts in the flow which were some distance -
off-axis when the probes were on center line. .
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where Ap2 is in microns of mercury and d 1s in inches, represents

a crude attempt to correlate the data and is presented only as s
suggestion of the possible dependence of Apa on Mj. BSome of the

scatter in the data is probably duvue to imperfections in the pressure
orifices. The hole-size correction is appreciable; the pressure coef-
ficient Cp‘ for probe BT at the lowest flow rate would be decreased

by 32 percent if eguation (2) were used to correct the measured Pye

It was interesting to note that for approximastely constant Mach
number Ap, was insensitive to changes in static-pressure level and
hence to cEanges in mean free path in the gas. From this it may be
inferred that the orifice size effect might be a "ram" effect and not
a viscous effect nor a rarefsction phenomenon associated with large
mean free path.

These results on orifice size serve only as a qualitative indication
of the type of correction which wlll have to be considered in any theory
developed to predict pressure coefficients for families of geometricelly
similar “static probes.” A much more detailed experimental program,
including the effect of varying d/x ratio, will be necessary before
the hole-size correction is known to any degree of precision.

Comparison With Theory for an Infinite Cone

£(M1,0)

2
V(Rex) )
where f(M;,08) 1is a function of the free-stream Mach number and the

semivertex angle of the cone and (Rex)2 is the Reynolds number based

on conditions which obtain at the boundary-layer seam. Figure 6 shows
a comparison between this theory and the type A cone data. The agree-~
ment is fair except in the vieinity of the shoulder. In figure 6 the

quantity Cp'/ £(M;,6) has been plotted against 1 /‘ [(Rex); rather
than l/“(Rex)E. Only a slight difference is involved in this procedure,

of the order of 1 percent or less, and data reduced on this basis are
much easier to use.

The linearized theory of appendix B gives the result Cp' =



12 NACA TN 3219

Figure 9 shows a ecomparison between the "ta.ngen'b-con,e",+ method and
the linearized theory for one particular flow. The experimental pressure
coefficients lie between the results of the two theories, being some
20 percent higher than the linearized theory but lower by a factor of 2 _
than the more exact tangent-cone theory. Ehret (ref. 18) has made com-
parisons between various approximation methods and the method of char- -
acteristlics and has shown that the tangent-cone method gives only

slightly higher pressure coefficients than the characteristics method on

M

& tangent ogive for M; = 3 and the similarity parameter K = E?E = 1. )

(For the case shown in fig. 9, X = 0.65 1if the cone geometry is
uncorrected for boundary-layer effect, but has the valuve K = 1.1 if
the calculated displscement thickness at the shoulder is added to the
cone dimensions.) Ehret further shows that pressure coefficients
derived from linearized theory are appreclably lower than the exact
theory near the vertex of the cone and are higher than the exact theory
far back on the body.

The fact that the linearized theory 1s in better agreement with

experiment than the tangent-cone spproximstion is probably only = ”
fortuitous circumstance, since the boundary-layer theory used to
calculate &% cannot be applied with confidence below about (Rex), = 10°. -

The lerge disparity between the linearized theory and the tangenkt-cone -
approximation {which should yleld better results were the calculated ©Bd* )
reasonably close to correct) could mean that the method of correcting o
the external flow field for viliscosity by the addition of a boundary- .
layer displacement thickness may be qualitatively correct, but not

sufficlently precise for quentitative use. An alternative explanation,

one for which there is considerable experimental evidence, is that the

boundary layer near the vertex is considerably thinner than that

predicted by conventional boundary-layer theory. Any conclusion with

respect to such questions, however, must be deferred until additional -
experimental results are obtained and much more careful boundery-layer S
calculations including the effects of slip and pressure gradient are

used to replace the simplified analysis of appendix B.

hThe tangent-cone method consists in using the pressure coefficients
Tor cones of semivertex angle equal to the angle of the composite body
(cone plus boundary layer) at various stations. For pointed bodies of
revolution this method can be employed either with local values of
Pat/plt or with the value of p2t/plt which oblalns immediately behind

the conical shock. In the case at hand, the boundary-layer slope at x = 0
is infinite; therefore, the method using local velues of P2t/Plt was . _

employed. For the same reason the second-order theory of Van Dyke
(ref. 17) could not be employed.
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Extrapolation Method for Determination of Ideal Cone Pressure

In previous reports dealing with viscous corrections to impact
pressures (refs. 1, 2, and 7) & technique was employed wherein the ideal
impact pressure was determined by extrapolating the data to infinite
Reynolds number. At the start of the present investigdtion it was hoped
that a similar method could be used to determine Poys. especially for

nozzle 6 (nominal Mach number of 2) in which the isentropic-flow
sssumption has not been well substantiated. However, the errors involved
in this method proved to be too great, and it was not employed. It can
be seen in figures 5 and T that determinstion of Poy by extrapolation

(i.e., X -» ) would be most uncertain, although the date do appear to
approach a value of CP' only slightly greater than zero.

CONCLUDING REMARKS

The results obtained with geometrically similar cones are presented
as calibration data for this type of cone probe in low-density super-
sonic flow. The corrections are qulte complex in nature. The extent of
upstream influence of the shoulder expansion becomes important for small
cone probes, while the hole-size effect becomes appreciable for large
probes. Bach of these effects requires further investigation.

Experimental pressure distributions near the vertex of an infinite
cone are in qualitative agreement with theoretical results obtained from
analysis of ideel flow around the composite body formed by the cone plus
boundary-layer displacement thickness. Experimental pressure coefficients
were about 20 percent higher than the linearized theory, but lower by a
factor of 2 than the more exact tangent-cone theory.

University of Californis,
Berkeley, Calif., June 1, 1953.
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APPENDIX A

DETERMINATION OF FREE-STREAM CONDITIONS THROUGH

IMPACT AND CONE PRESSURE MEASUREMENTS

Determination of the flow condltions in a supersonic stream
requires two local measurements if the flow is not isentropic. One
method is to measure the impact pressure Plt! and & cone surface pres-

sure D, at the same point in the flow. Thus, if M; and Py1s the

undisturbed free-stream Mach number and static pressure, are considered
as unknowns, two equations are obtained relating these unknowns to the
known quantities Plti' and Poi (the subscript 1 dIndicating that

the measured impact and cone pressures have been corrected for viscosity
effects).

The Rankine-Hugoniot normal-shock-wave theory (ref. 12) gives the
result

r-1 r-1
Prost [ ] 7 |22~ (7 - 1) (A1)

Py —|£7 + 1)M12_| Y+ 1 _|

The function on the right-band side of equation (Al) 1s tebulated up to
M; = 5.00 1in reference 12; values for higher values of M; are easily

obtained by direct computation.

A relstionghip between the ideal cone pressure Poy and the

unknowns M; and pj is provided by the Taylor-Msccoll theory (ref. 19)
which gives Pai/Pl es a function of M; and 0, the cone semivertex

angle. The Taylor-Maccoll relationships cannot be written in closed form,
however, and numericel integrations are necessary to obtain solutions.
These integrations have been performed by Kopsl (ref. 20) for different
values of M; and for various values of ©. For the present applica-
tion 0 was taken equal to 5° and from the Kopal tebles a chart waes con-
structed glving PEi/Pl es & continuous function of M;. These values

were combined with equation (Al) to yield a unique relationshilp between
M; and Plti/PEi for a 5° gemivertex-angle cone in supersonic flow with

attached shock wave. Results for. 1.10 S Mj <5.99 are presented in
table I.
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APPENDIX B

BOUNDARY -LAYER FFFECT ON SURFACE PRESSURE

OF AN INFINITE CONE IN SUPERSONIC FLOW>
ANATYSTS

The cone considered is oriented parallel to the direction of flow
in the undisturbed free stream, 1ts axis of symmetry in the ¢-direction
and its vertex at the origin, as shown in figure 10. The semivertex
angle is 6.

The linearized supersonic flow 1s considered to take place around
8 body consisting of the cone plus the displacement thickness of the
boundary layer. The radius of this body is

r =¢t tan 8 + 5% sec © (B1)

In reference 22 it is shown that the integration of the laminar-
boundary-layer equation for a cone can be based on the results obtained
for a flgt plate and that, in particular,

' 8% = (8*)cone = EE:%§%§EE (82)

where &% 1is calculated from the "local' properties of the potential
flow at the cone surface. This calculation, under the assumptions that
g 1is proportional to T, +that the Prandtl number is unity, and that
the specific-heat ratio of the gas is 1.400, may be obtained from ref-
erence 23. The result is

vox 1/2
(8*)plate = 1.73(1 + 0.2771\422)(-11—2-) (33?

5The analysis which follows is teken from & report by Lin, Schaaf,
and Shermen (ref. 21). This report did not receive wide cilrculation;
hence for convenlence the major portion 1s reproduced here.



16 { NACA TN 3219

where the subscript 2 refers to the aforementioned local conditions
on the cone surface. For the cone x = £ sec 8, so that the displace-
ment thickness on the cone is o

' 1/2
o
5% = (1L.+ 0.277Mo2) (‘?g—%?—) (B4)
o
Substituting equation (B4) into equation (Bl),

r = at + bgl/2 (85)
where

tan 6

)
L}

v 1/2
b = 3/2 + . 77M 2 (_g
sec G(l 0.2 ‘2 ) )

Thus the cross-sectional area of the "effective body" is
2
S = :r(a.g + bgl/e) (B6)

Let Ps be the pressure at the surface of the cone and define a

surface pressure coefficient CP as

Cp = == (B7)

where the subscript 1 refers to the undisturbed free stream. In
reference 24 this pressure coefficient 1s related to the body geometry
and the free-stream Mach number M; by a first-order solution of the

linearized equations of supersonic flow about uniformly continuous
bodles of revolution. The result is

5 .
_ st . i Ll WP 82 giv _ g3 ov
CP = E 1 + loge o S > S + 5 S 3 S +
gh vi 2
== ST+ .= (") + o(r3) (B8)

480
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where primes and Roman numerel superscripts denote differentiation with

respect to €. It is pointed out further in reference 24 that, for the

case of an Infinite slender body of revolutlon, the rigorous first-order
linearized solution is

CP - S_’: loge (Er-) for My z\[§ (B9)
Substituting equetions (B5) and (B6) into equation (B9),
-1/2\ -1/2

CP = 2D (az + zi—E £ /> loge (a. + b /) (B10)

For cones of small angle, the approximations +tan 6 =06 and sec 0 =~ 1
are made, whereby

12 (B11)

N

a=4§g

b~ (14 0.277%) (%)

Then

2 2
1+ 0.27TTM 1+ 0.27TM
30 T log_ |6 + ™Mo

b V(Rex) 2 © \'(Rex) P!

where (Rey) 5 = uzx/‘vz. This expression may be simplified by expanding
the logarithmic term and dropping all terms containing [(Rex) 2] —n’

n >%, since terms of these higher orders ere neglected in a1l boundary-

layer theory. One obtains

Cp ~ -2 0% + (B12)

Cp ~ 26 1og, (%-) + [‘3 8 loge (%) - ze:' 1+ 0.2774° (B13)

\f (Rex),
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To a consistent degree of approximation in tbhe linearized nonviscous
flow, My 1is related to M; and € by

My2 ~ Mle[? + 62(1 + 2 loge eﬂ (B14)

Note that for vanishing viscosity, '(Rex)2 —+ », one cbtains from equa-
tion (B13) the result

Cp ~ 262 logg (%9 (B15)
RESULTS
b
For wind-tunnel applications the quantity 22 .1 is of interest.
Poi

From the perfect-gas law and the defining relation for the speed of
sound ' . ..

oul = 7pM2 ) (B16)

One obtains for the pressure ratio

7 .2
P, l+ZM
2 _L1+53MG (B17)

2 Y v 2
21 1+ ZMCpy

end, substituting from equations (B13), (Bl4), and (Bl5) and defining a
second pressure coefficlent,

_P2 . _£(M,0)

CP i P21 ] V(Rex)z

(B18)

Where

£(m,0) = £ Ml‘?l:se loge (%) - AEE] 1+ 0.2774° 41 - 92[2 loge (%) - ]

(BL9)
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The quantity £(M1,6) is plotted versus M; in figure 11 for © = 5°,
7.5°, and 10°,

DISCUSSION

Equation (B19) shows that the viscous boundary layer on the surface
of an infinite cone at zero angle of atback in a uniform supersonic
stream causes an Increase in the surface pressure on the cone. This
pressure increase is dependent on the distance from the cone vertex.

Roughly speasking, the actual surface pressure will differ appreci-
ably (say'by 1 percent or more) from the ideal surface pressure when
the local Reynolds number of the flow at the boundary-layer seam is less

than 105, the difference increasing in proportion %o l/“@&ex)a as
(Rex)2 decreases. TFor free-stream Mach mumbers greater than 2.5 the
theoretically calculated pressure coefficient CP' is sensitive to
variations in M; and 6.

The limitations of the foregolng analysls are severe and should be
recognized in some detail. By the nature of 1ts basic assumptions,
boundary-layer theory is applicaeble only when viscous layers are rea-

sonably thin compared with the distance from the vertex and the radius
of the body. It can be shown from equations (Bl) and (BY) that

g% 1+ 0.27My°
= -
°© \/(Rex)2 sin ©

where r, 1is the radius of the body without &% added. For 6 = 59
and Mp = h, 8*/ro gs50/\/(Rex)2 so that for &¥ +to be small compared

with rg (say less than 15 percent of ro) the Reynolds number (Rex)2

must be greater than 105. Consequently, the results of the present
enalysis should be numericelly significant only in the raenge of Reynolds

number lO5 < (Rex)2 < 106 and serve only to indicate qualitative trends
for lower values of (Rex)2. Similarly, linearized theory is best when
restricted to very slender bodies and modersastely low Mach numbers.

Such physical approximations as taking the Prandtl number as unity
and p proportional to T are not serious with respect to theoretical
trends, but will have considerable effect on numerical results.
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TABLE IT
FRESSURE COEFFICIENTS FOR TYFE A CCMES

[Nozzle 8]
Dot | weter | M| op, wm | o w | oy kB | G e ﬁi 2(4y,8)
5.2 A 3.70 50.6 90.3 65.2 0.528 0.20 0.073% k.798
A2 8.3 365 .30 0599
A3 &e.1 299 ho L0519
Ak 80.3 .270 150 L0468
A3 TT-5 .22k 15 0379
A6 T6.h 209 1.00 032!
AT .1 .188 1,50 .
10.3 AL 3.89 Th.2 leT.1 ott.2 349 .20 0536 5.583
A2 12,7 323 .30 ~OhSh
A3 18.2 . .ho 0395
Al 115.5 226 50 .0352
A5 ua.7 .196 5 L0287
AS 111.0 178} 1.00 .02k9
AT 108.9 256 1.50 . 0203
14.8 AL 3.95 90.4 151.% 115.5 3o .20 .Ohg90 5.858
A2 1k8.2 .283 .30 0400
A3 1%2.0 229 50 o346
Ak 138.6 200 50 0309
AS 135.h 172 5 .0253
AS 133.0 JA%2 1.00 .0219
AT 130.% 129 1.% .0LT9
20 AL L.oT 11k 191.0 143.5 23351 .20 .Ch20 6.38¢
A2 189.7 302 .30 0343
A3 180.3 .25 R} 0297
Ah 17h.7T 217 .50 0266
A5 1TL.0 .192 15 .0217
AS 16T.7 . 1.00 R
AT 165.8 “ 1.50 0153
26 AL k.13 13k .3 229.3 17%.1 <317 .20 0372 6.685
A2 226.9 303 Eg .
ﬁ 218.1 253 R .0263
211.2 213 50 0235
A5 207.2 1% l.gg L0192
AL . . . .
AT %2 .1ho 1.50 Q136
5.2 A8 3.68 51.1 7.8 63.7 .158 1.9% .0236 h.T12
A9 .8 .158 2.k2 0212
A0 1.9 .128 2.9% .0192
ALl .9 .128 3.28 .a182
A2 0.9 J112 3.32 .018L
A13 67.9 .066 341 .0178
ALk 59.1 -.0T3 e
10.3 A8 3.91 7.0 107.2 92.9 154 1.9k 0178 5.6TL
A9 107.2 154 2.k2 0160
A0 105.2 133 2.9% JOLh5
AL 103.3 2112 3.28 0137
Al2 103.3 112 3.52 .0136
Al3 a7k .0hk9 3.5 0135
ALk 8.6 -.078 —— ———
1.8 A8 3.98 8.2 126.8 11k.1 111 1.4 0157 5.962
A9 124.8 .09% 2.k2 .01k0
Ao 122.9 07T 2.9% o027
Al) 120.9 060 3.28 0120
A2 120.9 .050 3.32 .0120
A13 1317.0 .025 3.1 .0118
ALk 10L.3 -.112 —— ——
20 AB k.05 113.2 162.2 1k5.7 2113 1.9% 0135 6.305
AS : 159.3 C 055 2.h2 Q121
AlD 1%5.3 066 2.9% L0110
AL 155.3 066 3.28 .010%
Al2 1%5.3 .052 3.32 0103
AL3 U5.5 -.001 3.h1 .0102
Ak 125.7 =137 — ———
26 A8 k.13 13%.8 192.8 1.7 .10l 1.94 .0119 6.670
A9 190.8 092 2.k2 .0107
A0 187.8 075 2.9% 0097
A1 185.9 053 3.28 .0092
A2 18.9 .okl 3.32 0091
A3 175.1 -.009 ERSR 0090
Al 149.% -.169° —— ————

%Cone surface pressures on models AS to Alk measured with oil mancoeter.
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TABLE III
PRESSURE COEFFICIENTS FOR GEOMETRICALLY SIMILAR CONES (TYPE B)
[Nozzle 8]
%7;; Modell M |p), uHglp,, © Hg|p,,, uHe| Cp' [Reyyin.| 17 -
: (Rex)1
5.2 BL [3.69 50.0 95.5 63.7 0.550| 917.6(0.361| 0.0550
B2 8.2 322 A531 L0490
B3 80.8 .270 626 .okl
B4 80.9 271 STl 0390
B5 82.0 .288 .906 o347
B6 78.8 .239 1.167 0306
BT 4.6 AT 1.792 0247
10.3f BL |3.91 2.4 132.6 92.0 Ah311,590 361  .0L18
B2 121.3 .318 4531 L0373
B3 117.8 .280 626 L0317
B4 118.1 283 17l L0296
B5 118.5 .288 .906 026k
B6 116.3 264 1.167 0232
BT 112.0 217 1.792 0187
14.8f Bl |3.97 88.k 159.6 113.1 JArl1)2,045 .361 0368
B2 146.9 ' .299 153 0329
B3 k2.5 260 .626 0280
B4 143.0 264 STLT 0261
B5 2.4 .259 .906 0232
B6 140.7 = 1.167 0205
B7 135.5 .198 1.792 0165
20 BL (4.051 11k.2 195.8 147.0 .332(2,831 361 .0313
B2 18%.3 2k7 U531 .0279
B3 178.6 .215 626 0238
B4 178.9 217 L7 0222
B5 177.0 .204 .906 0197
B6 175.9 197 1.167 OL7L
BT 169.1 .150 1.792 0140
26 Bl |4.12] 1%6.3 230.9 176.5 .308]3,591 361 0278
B2 219.3 243 453 0248
B3 213.5 .210 626 0211
B4 21k,1 .213 ek 0197
B5 211.3 197 .906 0l75
B6 210.7 . 194 1.167 0155
BY 203.7 154 1.792 0125
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TABLE IV
ORIFICE SIZE EFFECT (TYPE C MODELS)
FloW, IMode1| M | Refin.| ¢ Hg| (ext P2elated Ap Hg
e 1 . ’ P 3] Tapo B
1b/hr in, |*2? to d=0), pEg| 2
Nozzle 6
5.2| ¢t 1.95 157.8{ 0.020 66.8 65.6 1.2
ce 040 66.3 T
C3 .060 66.1 5
Ch .080 66.7 1.1
c5 .100 66.9 2.3
cé 125 67.3 1.7
cT .150 69.5 3.9
10.3] C1 2.07 290,01 .020 101.6 101.2 R
1 c2 .0Lo 102.6 1.k
c3 .060 102.5 1.3
ch .080 102.8 1.6
c5 .100 103.7 2.5
c6 .125 103.2 2.0
cT .150 105.2 .0
15.5]| cL 2.12 418.6 | .020 133.8 133.7 1l
€2 040 3.7 1.0
c3 .060 134.8 1.1
ch .080 135.1 1.k
c5 L100 136.4 2.7
cé .125 136. 2.3
cT .150 137.7 Lo
20 cl 2.15 514 .4 | .020 159.9 158.6 .8
c2 .00 160.1 3.0
c3 .060 160.0 1.1
ch .080 160.5 1.7
c5 .100 159. 2.9
cé6 .125 161.1 2.5
c7 .150 163.7 k.6
26 c1 2.17 665.2 | ,020 198.1 197.3 .8
c2 o) Te] 200.3 3.0
Cc3 .060 198.4 1.1
ch .080 199.0 1.7
c5 .100 200.2 2.9
cé6 125 199.8 2.5
cT .150 201.9 4.6
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TABLE IV.- Concluded
ORIFICE SIZE EFFECT (TYPE C MODELS)
Flow, | Mogel | M Re/1 d, Ag | (ext P2e1 ted | Ap Hg
o] 1 e/in. Prr, K extrapolate o
1b/hr in. 2 b0 d=0), pfg g’
Nozzle 6 - Concluded
30 c1 2.20 T62.5 { 0.020 222.9 202 .1 0.5
ce 040 22k .2 1.8
c3 .060 22k .2 1.8
ch .080 22k. 7 2.3
c5 .100 2064 4.0
c6 125 225.3% 2.9
cT .150 226.9 4.5
Nozzle 8 _
5.2| CL 3.69 g1h 0.020 T72.8 T2.3 0.5
c2 .C40 Th.0 1.7
c3 060 ™%.0 1.7
ch .080 T5.0 2.7
c5 .100 T6.1 3.8
c6 125 75.2 2.9
CT .150 T7.S 5.6
10.3] C1 3.90 | 1,612 .020 106.9 106.4 .5
c2 .040 109.5 3.1
c3 . 060 108.5 2.1
ch .080 109.5 3.1
¢5 .100 110.8 h.h
cé 125 109.5 5.1
cT .150 112.0 5.6
4.8 c1 3.96 | 2,101 ,020 128.3 127.9 A
co .040 129.7 1.8
c3 .060 129.6 1.7
Chk .080 130.9 3.0
c5 .100 132.0 4.1
cé 125 1%0.6 2.7
(o .150 132.6 .7
20 c1 L.o2 {2,811 .020 | -158.1 158.1 ° 0
072) .040 159.9 1.8
c3 .060 159.8 1.7
ch .080 161.L 3.3
c5 .100 162.6 .5
cé 125 160.9 2.8
c7 .150 162.8 b7
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(ALL DISTANCES MEASURED
FROM APEX EXCEPT A 14)

MODEL X, in.

Al 0.20
A2 .30
A3 .40
A4 .50
AS + 75
A6 1.00
A7 1.50
AB 1.94
AS 2.44
AilO 2.94
All 3.27
Al2 3.34
Al3 3.42
Al4 .30 (FROM

SHOULDER)

Figure 1.~ Specifications for type A models. 14 cones with 0.600-inch
base diameter. Each cone had four pressure orifices of 0.015-inch

diameter spaced at 90° intervals around circumference. Cylindricel
afterbody l% inches long. 3




d=0.160 x D

Figure 2.- Specificatlions for type B models.

MODEL

B I
B2
B3
B4
BS
B6
B7

Seven cones, each with

D,in.

0.125
.158

.218
.250

F o W W

.316
.407
-625

four pressure orifices spaced at 90° intervals around circumference.

Cylindrical afterbody 4 inches long.
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Figure 3.- Geometrically similar models (type B).
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MODEL  d,in.

c! 0.020
c2 040
C3 080
ca .080
C5 .iG0
C6 -125
C7 . 150

Figure k.- Specifications for type C models. Seven cones, each of
dimensions shown and with four pressure orifices spaced st 90° intervals
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Figure 5.- Cone surface pressure distributions. Type A models. Nozzle 8;

3.70 < My < 4.13.
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Figure 6.- Comparison between theory and experiment. Type A models.
Nozzle 8; 3.70 < My < 4.13.
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Figure T7.- Pressure coefficients for geometrically similar cones (type B

models).
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36 NACA TN 3219

4.0

e 1.95< M,< 2.20 NOZZLE 6

© 3.69 < M, < 4.02 NOZZLE 8

3.0

0 05 10 15
d, ORIFIGE DIAMETER, IN.

Figure 8.~ Orifice size effect. Type C models.
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Figure 9.- Comparison between tangent-cone and linearized theories.
Nozzle 8; My = 3.70; Rej/inch = 929.
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Figure 10.- Cone geometry.
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DIMENSIONLESS

f(m,0),

UNDISTURBED FREE-STREAM

MACH NUMBER, M,

Figure 1l.- Effect of boundary layer on cone surface pressure in super-

sonic flow, Linearized theory; Cp' = pofppy = 1 = £(M1,8)
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